Introduction

21
The analysis of systemically spread cancer via detection of disseminated cancer cells (DCCs) or in detection sensitivity (13, 14) . Notably, available WTA strategies do not always provide an 46 overview over the full-length transcripts of a single cell but instead are biased towards specific 47 loci (7, 16) pipelines. In contrast, data analysis for qPCR such as relative and absolute quantification 65 methods (25, 26) , are well established, standardized and do not require a high level of expertise 66 (27). Moreover, protocols for preparing qPCR samples are simpler and result in higher 67 sensitivity and reproducibility as compared to NGS-based approaches (7, 27) . Importantly, 68 single-cell qPCR workflows exhibit high levels of reliability and wide and dynamic detection 69 ranges, making them exceptionally well-suited for targeted gene expression analyses in singles 70 cells, where sensitivity is essential and the amount of target genes is low (7, 27) . Therefore, the 71 present study aimed to develop a single-cell qPCR assay to quantify gene expression changes in Single cells were subjected to WTA using a previously described protocol (9). Primer sequences 126 for WTA and re-amplification are provided in S2 
138
Gene expression analysis using endpoint PCR
139
Endpoint PCR was conducted to verify the presence of selected genes of interest (S1 Table) 
Statistical analysis
231
Statistical analysis was conducted using the GraphPad Prism 6.01 software package (GraphPad p<0.01 (**), p<0.001 (***) and p<0.0001 (****) were recognized as highly significant.
Results
242
Relative quantification of gene expression in single cells
243
Relative transcript quantification by qPCR, for which the expression level of a gene of interest 244 is calculated relative to the expression of one or multiple reference gene(s), so called 245 housekeeping genes, is widely used to measure mRNA levels in multiple sample types (28).
246
However, to assure maximal accuracy of measurements one has to select reference genes that 247 (i) are stably and consistently expressed at detectable levels across the studied sample 248 collective and (ii) remain unaltered in the experimental set-up used. and PSMB4) from a previously reported RNA-Seq-derived list of highly uniformly expressed 261 housekeeping genes (32). We designed and tested one primer pair for every candidate gene 262 (S1 Table) Table) . To exclude low-abundantly expressed genes, we set a detection rate cut-276 off to 60% (i.e. the tested gene must be expressed in more than 60% of samples) resulting in 277 omission of three rarely expressed genes (CANX, DUSP15 and TBP) from further analyses 278 ( Fig 1A) . Next, we re-analyzed the same sample set by qPCR to assess the level and showed the most stable expression (Fig 1C, S4 Table) . Notably, for all tested genes except 287 RAB7A the variance of measured -∆∆Cp was higher in single-cell WTA products as compared 288 to those generated from cell pools (Fig 1C) and HER2 lo cells using both cDNA processing strategies (Fig 2A and 2B ). Of note, only one
354
BT-474 single cell that underwent dscDNA reconstitution had to be excluded from qPCR 355 analysis due to discrepant amplification plots (S5 Table) . Accordingly, we can report a drop-356 out rate of only 2% (1/44) for single-cell samples subjected to absolute quantification (i.e.
357
relative to both MCF-7 and BT-474 cells after WTA purification or dscDNA reconstitution).
358
As an advantage of absolute quantification over relative quantification, calculated differences 359 in ERBB2 copy numbers more faithfully reflected the 62-fold difference in HER2 protein 360 expression level between HER2 hi and HER2 lo cells (50-fold or 51-fold more ERBB2 copy 361 numbers in BT-474 cells as compared to MCF-7 cells using dscDNA or purified samples, 362 respectively) (Fig 1D, Fig 2A and 2B Table) . Careful analysis of the qPCR data generated for RAB7A gene revealed that two 367 samples (one generated from MCF-7 and one from BT-474) subjected to dscDNA exhibited 368 discrepant amplification curves as compared to other samples included in the collective and 369 were therefore excluded from further analyses (S5 Table) . results generated using unprocessed primary WTA products and results obtained after 372 dscDNA reconstitution or WTA purification (Fig 2C and 2D) Fig 3B) .
419
Subsequently, ten single cells from each sorted subpopulation were isolated by 420 micromanipulation and subjected to our qPCR workflow (Fig. 2E) (Pearson R = 0.925; p = 0.0243; Fig 3D) . (Fig. 2E) . Cp values were converted to log10 copy numbers using an external standard curve.
450
Mean ± SD; Tukey's multiple comparisons test was applied, n.s. = not significant, * p<0.05, Transcript quantification using re-amplified WTA products
457
Since the amount of cDNA contained in a single-cell WTA product is limited thus restricting 458 the amount of downstream analyses, we sought for ways to increase the amount of the 459 available material without introducing any considerable bias into the sample's representation.
460
For this reason, we developed two re-amplification protocols for WTA products differing in amplicons while re-amplified WTA products generated using the CP2-9C primer showed a 471 more similar fragment size distribution to the corresponding primary WTA products ( Fig 4A   472 and 4B). Next, we tested the impact of the annealing temperature used in the WTA re-473 amplification protocol (using the CP2-9C primer) on the fragment size distribution of the 474 resulting products. Across the entire range of annealing temperatures tested (40-60°C), the 475 fragment size distribution of re-amplified WTA products remained unchanged and therefore 476 comparable to the primary products (Fig 4A) . To examine the application of re-amplified WTA samples in qPCR, we tested both WTA re-amplification protocols (utilizing either the 478 CP2-15C or the CP2-9C primer) using previously generated primary WTA samples from all 479 five breast cancer cell lines. We analyzed the resulting WTA re-amplification products using 480 the same qPCR workflow we had applied to the corresponding primary WTA samples (see using re-amplified single-cell WTA products (generated using the CP2-9C primer). and two pools of BM cells were isolated. The isolated single cells were subjected to WTA and 523 quality assessment as described above (Fig 2E) . All but one single-cell WTA product 524 displayed expression of at least two out of three tested housekeeping genes, meeting our QC 525 criteria, and were included in further analyses. All re-amplified single-cell WTA products 526 were tested positive for at least two housekeeping genes in a subsequent endpoint control PCR 527 (S10 Table) . Thereafter, all re-amplified single-cell WTA products were further processed and 528 tested for expression of the ERBB2 gene by endpoint PCR (Fig 5B) and qPCR ( Fig 5C) .
529
Quantitative PCR analysis revealed that all HER2+ cells expressed high levels of ERBB2 the formation of a treatment resistant subclone. 
